a r t i c l e s for interaction with Pex7p, where Pex7pBD binds on Pex7p and how it supports PTS2-cargo transport remain unknown.
Since their discoveries, PTS2, Pex7p and the co-receptor peroxins have been studied and characterized. However, the details of the interactions among the three factors remain unclear. To understand the mechanism of PTS2 recognition and the molecular basis of RCDP1, we solved the crystal structure of a PTS2-recognition complex from S. cerevisiae. The structure contains Pex7p, the C-terminal region of Pex21p (Lys190-Asp288; hereafter referred to as Pex21pC) and the N-terminal 15 residues of Fox3p (hereafter referred to as Fox3pN), and it reveals the conserved mechanism of PTS2 recognition and its differences from those of other N-terminal targeting signals.
RESULTS

Preparation of Pex7p-Pex21pC-Fox3pN-MBP complex
We purified the ternary complex containing Pex7p, Pex21pC and Fox3pN-MBP by mixing the three proteins after purification of individual components. Pex7p, which was difficult to obtain in soluble form from an Escherichia coli expression system, was expressed in Pichia pastoris as a GST-fusion protein. Well-diffracting plate crystals grew when a Pex7p mutant with a nine-residue deletion (∆257-265) was used instead of wild-type Pex7p ( Fig. 1 and Supplementary Fig. 1 ). Pex21pC was sufficient for formation of the ternary complex and was more resistant to degradation than was the homologous region of Pex18p; it was therefore chosen for crystallization. Fox3pN-MBP, used instead of full-length Fox3p, was constructed by attachment of Fox3pN to the N terminus of the maltose-binding protein (MBP) from E. coli by a two-residue linker (Arg-Ser) (Fig. 1a) .
Pex7p, Pex21pC and Fox3p exhibited cooperative complex formation, as demonstrated by pulldown experiments using wild-type Pex7p (or GSTPex7p), Pex21pC (or MBP-Pex21pC) and Fox3p (Fig. 2) . The ternary complex containing Pex7p, Pex21pC and Fox3p was much more stable than were any of the binary complexes. Although we did not detect the binary interaction of Fox3p with Pex7p in the buffer with 300 mM NaCl by the pulldown experiment, we observed weak but specific binding of Fox3p to Pex7p in the buffer with 50 mM NaCl (Supplementary Fig. 2 ).
Overall structure of the heterotrimeric complex
The heterotrimeric structure of Pex7p-Pex21pC-Fox3pN-MBP was solved by molecular replacement using crystal structures of MBP and WDR5 as search models. The overall electron density map was clear ( Supplementary  Fig. 3 ), and this allowed us to construct atomic models for all regions of Pex7p, Pex21pC and Fox3pN-MBP except for the disordered loops (DL1-3) of Pex7p (DL1, Lys164-Arg174; DL2, Leu253-Ser272 and DL3, Asp317-Tyr323) and Pex21pC (DL1, Lys190-Gln196; DL2, Pro212-Leu223 and DL3, Lys252-Ala259) ( Fig. 1c and Supplementary Fig. 1a,b) . Only one heterotrimer existed in the crystallographic asymmetric unit, and the model was refined at 1.8-Å resolution to a free R factor of 22.4% ( Table 1) .
The resulting structure revealed the characteristic assembly of the three proteins (Fig. 1b,c) . Pex7p forms a ring structure with a sevenbladed β-propeller fold. Pex21pC consists of three parts: a cluster of three α-helices (α1-3), a small three-stranded β-sheet (β1-3) and a stretched C-terminal loop. The helical cluster and the β-sheet of Pex21pC bind on the rim of the top surface of Pex7p, and they cooperatively form a binding pocket for Fox3pN. The C-terminal loop of Pex21pC extends along the side of Pex7p and does not interact with Fox3pN. Fox3pN adopts an α-helical conformation and stretches from the globular region of MBP into the binding pocket prepared by Pex7p and Pex21pC. The buried surface area of Fox3pN (1,240 Å 2 ) in the pocket accounts for more than 70% of its total solvent-accessible surface area (1,740 Å 2 ).
Special motif of Pex7p and Pex7p-Pex21p complex formation
The crystal structure revealed structural features important for Pex7p-Pex21p complex formation. Although the framework of Pex7p is the npg a r t i c l e s same as that of typical WD40 proteins 37 , it contains a special region at its N terminus. The N-terminal 44 residues of Pex7p have low sequence similarity to other WD40 motifs 13 , but this region can nonetheless assume a WD40-like fold and complete the ring structure ( Fig. 1c and Supplementary Fig. 4a,b) . In this N-terminal region, the loop between β-strands 1B and 1C (Asn31-Asn37) is longer than are other adjacent loops composing the top surface of Pex7p and thus forms a bulge (Figs. 1c and 3a and Supplementary Fig. 4a Fig. 1a) . By partially adopting a 3 10 -helix structure, the bulge loop exposes the hydrophobic residues Phe32, Leu34 and Val35 on its surface (Fig. 3b) . When Pex7p forms a complex with Pex21pC, this protruding hydrophobic bulge loop is covered by the hydrophobic pocket of Pex21pC formed at the hinge region between α3 and β1 (Fig. 3b) .
The bulge loop constitutes half of a hydrophobic ridge on the top surface of Pex7p (Fig. 3a) that consists of residues from blade 1 (the bulge loop), blade 6 (Leu284, Tyr304 and Met306) and blade 7 (Phe344 and Trp364) (Supplementary Fig. 4a ). The hydrophobic ridge contacts the hydrophobic surface of Pex21p, which contains nine hydrophobic residues: Cys210 on α1; Val227 and Leu231 on α2; Phe236, Ile237, Leu239 and Met240 on α3; Leu250 on β1; and Leu262 on β2 (Fig. 3b and Supplementary Fig. 4c ). Four residues of Pex7p (Phe32, Leu34, Phe344 and Trp364) surround Pex21p Phe236 ( Fig. 3b and Supplementary Fig. 3b ), a residue highly conserved among the co-receptor peroxins (Supplementary Fig. 1b,c) .
Pex7p has another characteristic region involved in binding Pex21pC. An acidic patch is formed at the side of the hydrophobic ridge on blades 6 and 7 (Fig. 3a) . This acidic patch consists of two components: the side chain of Pex7p Glu343 and the clustered main chain C=O groups of Pex7p Met306, Thr339 and His341 ( Fig. 3a and Supplementary Fig. 4a ). The side chain of Pex7p Glu343 interacts electrostatically with the side chain OH group of Pex21p Ser234 and the main chain NH group of Pex21p Lys235 (Fig. 3b) . Because Pex21p Ser234 and Lys235 are located in the N-terminal portion of α3, they are positively charged by the dipole effect of the α-helix. The clustered main chain C=O groups of Pex7p Met306, Thr339 and His341 are in range to form hydrogen bonds with Pex21p Lys230 (Fig. 3b) .
Most of the residues forming the hydrophobic and electrostatic interfaces between Pex7p and Pex21pC are conserved among the corresponding homologs (Supplementary Fig. 1 ).
PTS2 recognition by cooperation of Pex7p and Pex21p
The α-helix of Fox3pN is amphipathic. Fox3p Met1, Leu5, Ile8, Leu12 and Val13 form the hydrophobic surface, whereas the remaining residues form the hydrophilic surface (Fig. 4a) . As a result, the key residues of PTS2 are separated in two groups: the hydrophilic key residues (Fox3p Arg4 and His11) and the hydrophobic key residues (Fox3p Leu5, Ile8 and Leu12).
The binding site of PTS2 is a large cleft that holds the α-helix of Fox3pN and contains two minor grooves that accept side chains protruding from the α-helix (Figs. 1c and 4b,c). One groove is hydrophilic, and the other is hydrophobic. The hydrophilic groove at the center of the top surface of Pex7p contains two pockets that accept the hydrophilic key residues of PTS2 (Fox3p Arg4 and His11) (Figs. 3a and 4c). Fox3p Arg4 is surrounded by the residues of Pex7p blades 1-3, and its guanidine group is fixed by formation of salt bridges with the carboxyl groups of two acidic residues, Pex7p Asp61 and Glu106 (Figs. 3a and 4b). Fox3p His11 is surrounded by the residues of Pex7p blades 4-6, and its imidazole ring is fixed by formation of hydrogen bonds with Pex7p Tyr178, Glu222 and Tyr304. When Fox3p Arg4 and His11 bind the top surface of Pex7p in the correct orientation, the hydrophobic residues of Fox3pN consequently fit into the hydrophobic groove ( Fig. 4c) formed in between the hydrophobic interfaces of Pex7p and Pex21pC (Fig. 3a) . All three hydrophobic key residues (Fox3p Leu5, Ile8 and Leu12) of PTS2 are hidden inside the hydrophobic groove and form van der Waals contacts with Pex21p Phe236 (Fig. 4b,c and Supplementary Fig. 3b ). Additionally, Fox3p Met1 is embedded in the site above the bulge loop ( Figs. 3a and 4b,c) .
Insertion of the hydrophobic side chains of PTS2 into the hydrophobic groove completes a hydrophobic core around the central residue, Pex21p Phe236 (Fig. 4b) . Other components of the hydrophobic core are the hydrophobic residues that form the hydrophobic interfaces of Pex7p and Pex21p, described above (Fig. 3b) .
The residues of Pex7p and Pex21pC that form the binding site for PTS2 are well conserved among the corresponding homologs ( Supplementary Fig. 1 ). In particular, the α1 helix of Pex21pC, which forms a lid to cover PTS2, is also a conserved region among the co-receptor peroxins as with Pex21p α2 and α3, which compose Pex7pBD 8 ( Supplementary Fig. 1b) .
In vitro and in vivo assays of Pex7p and Pex21p mutants
To examine the functional importance of the interaction modules of Pex21p and Pex7p in ternary-complex formation and PTS2-cargo transport, we performed in vitro and in vivo functional assays. For the in vitro assays, we conducted pulldown experiments using amylose resin with purified MBP-Pex21pC (or its variants), Pex7p (or its variants) and Fox3p (Fig. 5a,b) . For the in vivo assays, we created S. cerevisiae gene-deletion strains of Pex7p alone (∆pex7) or both 
npg a r t i c l e s
Pex18p and Pex21p (∆pex18∆pex21) from wild-type strain BY20134 (W303-1A background). We expressed C-terminally hexahistidine (His 6 )-tagged Pex7p, Pex21p and their variants in the deletion strains and examined the growth of these derivative strains on oleic-acid medium (SCOT agar plate). As reported previously 13, 26 , ∆pex7 and ∆pex18∆pex21 exhibited growth defects on SCOT plates due to the inability to import sufficient Fox3p into peroxisomes, whereas ∆pex7 expressing wildtype Pex7p and ∆pex18∆pex21 expressing Pex21p exhibited normal growth (Fig. 5c) . We simultaneously coexpressed Fox3pN-EGFP and mCherry-PTS1 (PTS1, Ser-Lys-Leu) in all strains and observed their localizations by using a confocal microscope (Supplementary Fig. 5a ).
Expressed Pex7p and Pex21p variants were detected by western blotting ( Supplementary Fig. 5b ).
To investigate the importance of the hydrophobic core, we replaced the central residue Pex21p Phe236 and the adjacent conserved residues (Pex7p Phe32, Leu34, Phe344 and Trp364) with alanine or aspartate. Single-alanine mutants of these residues did not have significant effects on formation of the ternary complex (Fig. 5b) . However, when we mutated Pex21p Phe236 or Pex7p Leu34 to Asp (Pex21p F236D and Pex7p L34D) or simultaneously mutated two nearby residues of Pex7p to alanine (Pex7p F32A L34A and F344A W364A), these mutants exhibited clear defects in complex formation (Fig. 5a,b) . These mutants also failed to restore growth (Fig. 5c) and were unable to restore localization of Fox3pN-EGFP to peroxisomes (Supplementary Fig. 5a ). Among the singlealanine mutants, the Pex7p L34A and F344A mutants were both able to import enough Fox3p into peroxisomes to restore growth of ∆pex7 on SCOT plates (Fig. 5c) , but the efficiency of Fox3pN-EGFP transport was not sufficient for the formation of clear spots ( Supplementary  Fig. 5a ). The Pex21p F236A mutant was less able to restore growth of ∆pex18∆pex21 on SCOT plates (Fig. 5c) , although we did not observe a clear effect of this mutant on complex formation (Fig. 5a) . Pex21p Ile206, located on the α1 helix, is also a component of the hydrophobic core. The Pex21p I206D mutant exhibited lower affinity for Pex7p and Fox3p (Fig. 5a) and was unable to restore growth of ∆pex18∆pex21 on SCOT plates (Fig. 5c) . The results of Pex21p I206D were similar to those of the Pex21p ∆α1 mutant (∆197-211) (Fig. 5a,c) . Mutations of residues outside the hydrophobic core (Pex21p I202D and K230E) did not affect complex formation (Fig. 5a ), and these mutants were able to restore growth of ∆pex18∆pex21 on SCOT plates (Fig. 5c) . Two Pex21p deletion mutants, ∆L (∆214-229) and ∆C (∆247-288), were able to restore growth of ∆pex18∆pex21 on SCOT plates (Fig. 5c) . However, the deletion of the 42 C-terminal residues of Pex21p ∆C decreased the affinity of Pex21pC for Pex7p and Fox3p (Fig. 5a) .
We next examined the role of Pex7p residues that form electrostatic interactions with the hydrophilic key residues of PTS2 (Fox3p Arg4 and His11). Consequently, we generated two gain-of-function variants of Pex7p that can recognize two artificial PTS2s containing glutamate in place of either Arg4 or His11 in Fox3p. The mutated Pex7p containing D61R E106H lost the ability to import wild-type Fox3p into peroxisomes and failed to restore the growth of ∆pex7 on SCOT plates (Fig. 5c) . When we coexpressed the Pex7p D61R E106H mutant with the Fox3p R4E mutant, the transformant was able to grow on SCOT plates as rapidly as did a strain expressing wild-type Pex7p (Fig. 5c) . The same result was obtained in the case of a strain coexpressing the Pex7p Y178R Y304R and Fox3p H11E mutants. To exclude the possibility that the restoration of growth was due to overexpression of Fox3p mutants, we coexpressed the mutant proteins in the other combination. Neither the coexpression of Pex7p D61R E106H with Fox3p H11E nor the coexpression of Pex7p Y178R Y304R with Fox3p R4E restored growth of ∆pex7 on SCOT plates (Fig. 5c) .
DISCUSSION
The crystal structure we report here reveals the spatial organization of the Pex7p-Pex21pC-Fox3pN complex and provides an explanation for the cooperative binding among Pex7p, Pex21pC and Fox3p observed in the pulldown experiments. Both Fox3pN and Pex21pC bind the top surface of Pex7p, which is a common interaction site for WD40 proteins 38, 39 . On this surface, the hydrophobic residues of Pex7p, Pex21pC and Fox3pN cooperatively form a hydrophobic core around the central residue Pex21p Phe236. These hydrophobic residues are evolutionarily well conserved, which suggests that formation of the hydrophobic core is important for stabilizing the ternary complex. Any combination of the binary complexes (Pex7p-Fox3pN, Pex7p-Pex21pC or Pex21pC-Fox3pN) leaves a part of the hydrophobic surface exposed to solution, and this destabilizes the binary complex. The electrostatic interactions between Pex7p and Pex21pC and between Pex7p and Fox3pN take place at both sides of the hydrophobic core, thus strengthening the hydrophobic effect and further stabilizing the ternary complex.
We confirmed the importance of the hydrophobic core on complex formation and PTS2-cargo transport by mutational analyses of residues inside and outside the hydrophobic core. Mutations of Pex21p Phe236 (F236A and F236D) were the most severe among the alanine and aspartate mutants examined. The effects of aspartate mutations decreased as residues contributed less to the rigidity of the hydrophobic core, in the following order (from greatest to lowest effect): Pex21p F236D, Pex7p L34D, Pex21p I206D and Pex21p I202D. We assume that a minimal threshold of rigidity of the hydrophobic core is required for functional PTS2-cargo transport. Although some of the mutants (Pex7p F344A W364A, Pex21p I206D and Pex21p ∆α1) exhibited only moderate defects in complex formation, they were unable to form hydrophobic cores with rigidities above this threshold. The decrease in affinity of the Pex21p ∆C mutant for Pex7p and Fox3p implies that the 42 C-terminal residues of Pex21p also contribute to complex formation; however, these residues are not essential for hydrophobic-core formation or PTS2-cargo transport. If the hydrophobic core is assumed to be the primary determinant of stable complex formation, destabilization of the hydrophobic core is predicted to result in PTS2-cargo release. Further studies of kinetics and thermodynamic analyses using purified Pex7p and Pex21p variants will be needed to identify the rigidity threshold of the hydrophobic core necessary for PTS2-cargo transport.
Our crystal structure indicates that the N-terminal 44 residues of Pex7p allow protrusion of the bulge loop while simultaneously folding into a WD40-like structure to complete the rigid β-propeller structure. Fig. 1a) , substitutions of His39 (Asn31 in S. cerevisiae) to proline and Gly41 (Gly33 in S. cerevisiae) to valine are mutations on the bulge loop. This fact, together with the results of our mutation analyses of Pex7p Phe32 and Leu34, implies that the conserved shape and the surface property of the bulge loop are required for Pex7p's function. The crystal structure suggests that Pex21p strengthens the binding of Pex7p to Fox3pN by directly attaching its C-terminal region onto the PTS2-binding site rather than by some allosteric mechanism. We consider that this direct binding mechanism is not S. cerevisiae specific but rather is common to the co-receptor peroxins of other species because the regions of Pex21p essential for formation of the recognition complex (Pex21p α1, α2 and α3) are conserved among other co-receptor peroxins (Supplementary Fig. 1b) . Pex21p α1 is reminiscent of the finger loop of SRP54 (ref. 40) , in that Pex21p α1 forms a hydrophobic lid to cover the hydrophobic surface of PTS2 and stabilize the recognition complex. The importance of Pex21 α1 can be derived from the result that Pex21p ∆C and ∆L mutants could restore growth of ∆pex18∆pex21 on SCOT plates, whereas the Pex21p ∆α1 mutant could not. The Pex7p-Fox3pN-bound structure of Pex21pC is likely to be induced upon complex formation. If Pex21pC is separated from Pex7p and Fox3pN in aqueous solution, the exposure of the hydrophobic residues and the lack of intramolecular interactions will be unfavorable to maintenance of the elongated structure of Pex21pC.
The crystal structure provides details regarding the complementarity between PTS2 and the receptor complex. Because PTS2 folds into an α-helix, its hydrophobic key residues (Fox3p Leu5, Ile8 and Leu12) fit into the hydrophobic groove formed by both Pex7p and Pex21p, and its hydrophilic key residues (Fox3p Arg4 and His11) fit into the hydrophilic groove on the top surface of Pex7p. Whereas the hydrophobic key residues of PTS2 are recognized mainly by spatial complementarity as parts of the hydrophobic core, the hydrophilic key residues of PTS2 are recognized both by spatial complementarity and by formation of salt bridges and hydrogen bonds with Pex7p. Other helical N-terminal targeting signals, such as the signal peptide 40 and mitochondrial targeting signal (MTS) 41 , also contain hydrophobic residues in their sequence motifs. However, the receptor proteins of the signal peptide and MTS (SRP54 and Tom20, respectively) do not recognize any hydrophilic residue as specifically as Pex7p-Pex21p does. The PTS2 system shares this characteristic with the PTS1 system, in which a basic key residue of the PTS1 sequence motif
is specifically recognized by Pex5p 5, 6 . It has been reported that a mutated PTS1 peptide (LQSEL) has an affinity for Pex5p two orders of magnitude lower than that of the wild-type PTS1 peptide (YQSKL) 6 . Consequently, both hydrophobic and hydrophilic key residues in PTS1 and PTS2 achieve their specific complementarity with the receptors.
Our crystal structure supports several ideas presented in a recent modeling and mutational study of the human Pex7p-PTS2 complex 25 . That study proposed that PTS2 forms an amphipathic α-helix and binds the top surface of Pex7p and that the hydrophilic key residues of PTS2 (Arg4 and His11 in S. cerevisiae Fox3p) interact with two glutamates in Pex7p (Glu106 and Glu222 in S. cerevisiae Pex7p). However, because their model did not contain a co-receptor peroxin, the bound surface of the modeled PTS2 helix is tilted as compared with the crystal structure. In the crystal structure, Fox3p Arg4 interacts with Pex7p Asp61 in addition to Glu106, and Fox3p His11 mainly interacts with Pex7p Tyr178 and Tyr304 in addition to Glu222. This explains the previous finding that arginine substitution of Glu222 (Glu200 in human Pex7p) did not destroy the interaction completely and that the corresponding mutant still partially complemented Pex7p deficiency 25 .
The first reported structure, to our knowledge, of the PTS2-recognition complex, presented here, provides a structural framework for studying the import of PTS2 cargo into peroxisomes. Together with previous reports of the PTS1 system, these findings deepen understanding of peroxisomal protein transport and reveal differences between peroxisomal-targeting signals and those that target proteins to other organelles. However, additional structures of PTS2-recognition complexes containing other PTS2 sequences or containing Pex7p and the co-receptor peroxin from other species will be required for a full understanding of the interactions among PTS2, Pex7p and the co-receptor peroxin.
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comPeTINg FINANcIAl INTeResTs
Data collection and structure determination. The crystals were serially transferred to cryoprotectant solutions (25-35% PEG2000, 0.1 M NaCl, 0.3 M magnesium nitrate and 0.1 M Tris-HCl, pH 7.5) and soaked in the final solution for 1 h before flash freezing in liquid nitrogen. A 1.8-Å-resolution data set was collected from a single crystal at 100 K at the SPring-8 beamline BL41XU at a wavelength of 1.0000 Å and processed with iMOSFLM 44 GST and MBP pulldown experiments. Proteins were diluted to 5 µM each in 100 µl of buffer B containing 0.01% Tween 20. Four-fifths of the mixture was incubated with 15 µl of glutathione Sepharose 4B resin or amylose resin (NEB) at 4 °C for 1 h, and the remaining 20 µl was kept as the input fraction and mixed with 5 µl of 5× sample buffer. The resin was washed three times with 500 µl buffer B containing 0.01% Tween 20, and the bound fraction was eluted by mixing the resin with 30 µl 2× sample buffer. The input fraction and the bound fractions were analyzed by SDS-PAGE and stained with Coomassie brilliant blue.
S. cerevisiae strains and complementation assays. All S. cerevisiae strains used in this study were generated from strain BY20134 (W303-1A background), which was provided by the National Bio-Resource Project (NBRP) of the MEXT, Japan. Gene deletion was performed by the one-step PCR method as described 52 . PEX7 was replaced with the URA3 gene to generate strain ∆pex7. PEX21 and PEX18 were replaced serially with the LEU2 and HIS3 genes, respectively, to generate strain ∆pex18∆pex21. All deletions were confirmed by colony PCR on genomic DNA. Plasmids were transformed into BY20134, ∆pex7 and ∆pex18∆pex21 strains as described 53 , and transformants were selected on SCD (0.67% yeast nitrogen base with ammonium sulfate without amino acids, 2% dextrose supplemented with amino acids, adenine and uracil) agar plates lacking the appropriate amino acids and/or uracil. BY20134 strain transformed with pAG304-Fox3pN-EGFP/mCherry-PTS1 is referred to as BY20134EM. The list of all S. cerevisiae strains used in this study is presented on Supplementary Table 2 .
Growth assays of S. cerevisiae strains were performed as described previously 26 with minor modifications. The cells of each strain were grown at 30 °C to an OD 600 of 2 in SCEO medium (0.67% yeast nitrogen base with ammonium sulfate without amino acids, 2% (v/v) ethanol, 0.1% (w/v) oleic acid, 0.4% (w/v) Tween 40, appropriate amino acids, uracil and adenine). The cells were washed with distilled water and applied at ten-fold serial dilutions to SCOT (0.67% yeast nitrogen base with ammonium sulfate without amino acids, 0.1% (w/v) oleic acid, 0.4% (w/v) Tween 40, amino acids, uracil and adenine) and SCDT (0.67% yeast nitrogen base with ammonium sulfate without amino acids, 2% dextrose, 0.4% (w/v) Tween 40, amino acids, uracil and adenine) agar plates and incubated at 30 °C. Aliquots of the cells were also used for western blotting ( Supplementary  Fig. 5b and Supplementary Note) and for visualization on a confocal fluorescence microscope (A1, Nikon).
